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ABSTRACT , 
• 
Previous work on the toughness of low carbon steels suggested 
C. 
that acicular ferritic structure could lower the notch toughness of 
these steels. In the p.resent work, this type of structure was 
,, 
studied and it was found that the acicularity of the ferrite grains 
produced by air cooling from high austenitizing temperatures, was 
probably not the nause of the embrittlement of structural steelp. 
It was suggested that the increase in transition temperature, observed 
in conjunction with acicularity in the ferrite, was due to an aging 
phenomenon that could take place at room temperature. 
It was shown in this investigation that steels with less than 
0.025% carbon and alloyed with carbide forming elements (Mo and Cr), 
were strongly susceptible to aging when normalized at 1320°C. On 
the other hand1 .. >]i and Mn ferrites did not show similar behavior. 
\:-. 
For the normalized Cr and Mo ferrites that showed an overaging 
phenomenon, precipitates could be seen by using high power light 
•' 
microscopy. These precipitates are thought to be carbides, bec~use 
of their microscopic configuration and high hardness, and because 
they were found only in the ferrites that were alloyed with carbide 
forming elements. 
Among the ferritea normalized at 1320°C, the one alloyed with 
molybdenum showed the lowest amount of acicularity in its structure. 
As this steel was strongly affected by aging, it can be said that the 
acicular shape is independent of the aging phenomenon. 
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INTRODUCTION 
The modern interea, in the-inittle fracture problem arose mainly 
_, 
{ '\' 
. \ from the outbreak of disquieting and sometimes catastrophic failures 
which occurred in, ships, mainly of welded construction, and mostly 
built in the U.S.A. under wartime emergency conditi~ns. This emergence 
'' 
of brittleness coincided with the large-seal~ introduction of welding 
. , 
for shipbuilding on a mass production basis, and these factors - weld-
ing and mass production - were then thought to be the chief factors 
involved in the outbreak of fractures. Indeed, as pointed out by (1) 
Boyd , it was sometimes thought to be a peculiarity of welded ships 
of American origin. 
today it is known that brittle fracture of normally ductile 
materials is a widespread problem, affecting many different and seem• 
ingly unrelated branches of engineering and not only a problem 
peculiar to welded ships. It is now widely understood that the prob• 
. lam is on a aimilar footing to that of fatigue, in that it potentially 
affects all engineering components in which metals are submitted to 
1treaa. 
(2,3) 
Th,re are indications that the incidence.~,o'f, brittle fractures 
I baa considerably decreased over the past ten year.a or so. This is no 
doubt due to improvements in design, manufacture and materials; the 
result of the tremendous amount of study and research on the brittle 
I 
... fracture problem since World War II. 
'rbe present thesis can be considered as a further contribution to 
· the research on the problem of brittle fracture. It. ~art of a 
aeries of investigations conduc~ed at Lehigh University to determine 
. I 
2 
·; 
l r 
I • i 
' 
' i 
ii 
1l 
' i 
'j 
!, 
! 
~! 
r· 
.I 
' ( 
,-
F . 
,. 
' ~ 
I 
~' 
•.· 
..... 
. ,_ 
.., . " 
the effect of microstructure, heat treatment and composition on the 
notch toughness of low carbon steels used in welded construction. 
The effect of microstructure on the notch toughness of steel has 
- (4) been studied by a great number of investigators. Hollomon et al 
' for example, have shown the influence of tempered martensite, tempered 
bainite and tempered pearlite of same hardness level on impact prop-(5) (6,7) 
erties. Rinebolt , Gross and Stout , studied the influence of 
pearlite spacing on the transition temperature of plain carbon (8) 
eutectoid steels. Wood reported the important role of ferrite 
grain size on notch toughness of 1020 steel. Working with low carbon (9) 
steel, Gross and Stout found evidence that the spacing of pearlite 
is of secondary importance to notch toughness and that the ferrite 
grain size was indeed the principal factor controlling notch tough-
(10) ness in ferrite-pearlite aggregates. Kottcamp and Stout investi-
gating the influence of ferrite grain size 0~1normalized and annealed 
. } 
alloy ferrites, reported that grain size, although having the pre-
(8) dominant role in determining notch toughness reported by Wood 
' 
was not the sole factor controlling notched bar behavior; specimens 
of identical grain sizes developed by furnace and air cooling from 
adequate austenitizing temperatures, failed to produce similar tran-
sition temperature when tested. However, the value of 17°C per ASTM (11) 
""' grain size number reported by Hodge et al , was observed for both 
normalized and annealed specimens. They also reported an increase in 
transition temperat~re over that otherwise expected, due to the 
presence of acicular ferrite grains • 
., ·I 
3 
• I 
... ~--
' .,~.~. 
-----------------~~~····<-~·· 
" \, 
I 
,i 
i 
l 
I 
I 
! 
i 
·-1 
! 
l 
. I 
• 
·.,.: 
--...... 
\, 
, I 
"· . 
(12) 
Guirguis comparing normalized and annealed plain carbon steels, 
reported an. improvement of the notch toughness with accelerated cool-
ing rates; however, at high austenitizing temperatures the toughness 
of the tested steels was not improved by fast cooling rates • 
The results of these and other investigations suggested the 
importance of ferrite shape in determining the notch toughness of low 
carbon steels. 
The first objective of the present investigation was to determine 
the influence of acicular ferrite, obtained by air cooling from high 
austenitizing temperatures, upon the resistance to brittle failure of 
-
4 
' 
structural steels. It should be noted that since ferrite grains of an 
acicular configuration are commonly produced as a result of welding, 
such behavior is of particular interest in this field where, undoubted-
ly, most of the brittle failures can be found. 
The second objective of the present investigation was to determine 
whether or not natural aging could occur in the ferrite formed by air 
cooling from high austenitizing temperatures of plain low carbon steels 
and alloyed steels with less than 0.025% carbon. Evidence may be 
found in the literature for subcritical quench-aging of steels similar 
in composition to the ones under investigation: Pense, Stout and Kott-
(13) . 
camp , for example, working with ASTM A285 steel, reported a quench-
.. _t, , 
aging embrittlement in specimens normalized and stress-relieved at· 
(10) 
600°C and 620°C; Kottcamp and Stout , working with alloy ferrites, 
reported evidence of aging on specimens subcritically heat treated at 
.·F: 
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temperatures higher than those normally used for stress relieving; (14) 
Low re.ported that Charpy impact test specimens of 1020 steel 
,,- . - -- - .. -.........._~.,.,-
-· quenched from 690°C and aged at room temperature for periods up to 
three years, had their transition temperature increased from -40°C 
to 0°C. However, no report on natural aging of as normalized steels 
could be found bf the a,uthor in· the literature. 
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·-EXPERIME.NTAL PROCEDURE 
1. Material Used -
Four ferrites and a plain carbon steel were used in this 
investigation. The chemical analyses of these steels are 
shown in Table I. 
fl 
All the steels used in this study were aluminum killed 
and were received as-hot-rolled. The ferrites were prepared 
by induction melting and supplied as hot-rolled 1/2 • 1n. square 
bar stock. The SAE 1016 steel was supplied as hot-rolled 
7/16 in. square bar stock. 
2. Specimen Preparation -
After cutting to length and prior to heat treating, the 
blanks were normalized for one hour at 930°C to insure a 
uniform prior structure. 
All the heat treatments were performed in ari electric 
furnace and, for those done at temperatures above 1000°C, the 
specimens were previously packed in fused alumina and sealed 
'"· \..\ ~ 
in a box to avoid excessive decarburization or oxidation. 
3. Impact _Test -
Following heat treatment, the blanks that were going to be 
- used for the determination of impact properties, were machined 
. ' to standard Charpy V notch dimensions~ ., 
For the determination of each transition temperature. 
curve, 24 specimens were broken, and duplicate specimens were 
tested at each .testing temperature. 
/ 
/ Two transition t~per 1ture 
- .-•• ·i' ---,-· .. ' 
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criteria were used in this investigation: The 15 ft. lb. (energy 
criteria) and the 50% fibrous fracture (fracture appearance 
criteria). They were determined from average curves drawn through 
the plotted data. 
4. Aging Study -
The aging study was done using impact, microhardness, and hard-
ness tests. 
4a. Microhardness - a diamond Knoop indenter and a load 
of one gram were used in connection with a Bausch and 
Lomb Research Metallograph, to determine hardness 
changes in the ferrite phase of the SAE 1016 steel. 
Each hardness value corresponds to an average of 50 
determinations obtained from indentations made at the 
~ center of the ferrite grains. The specimens were 
normalized and annealed at 1320°C and aged at room 
temperature. The tests were performed on polished 
~ transverse sections. 
4b. Hardness - Standard Rockwell B hardness tests were 
made on all the steels investigated. The specimens 
were normalized at 1320°C and aged at room temperature, 
100°C, 200°C or 300°C. The hardness tests were taken 
on polished transv;rse sections. Five tests were made 
for each specimen and four specimens were used for each 
aging time at the temperature; thus each result is the 
average of 20 determinations • 
7 
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5. Ferrite Grain Size -
The ferrite grain size was determined for all the ferrites 
used in this investigation. The number of grains for a given 
area at a given magnification were counted and the results 
converted to ASTM grain size _number. This determination was 
llijlde for the range of 830°C to 1320°C, on both annealed and 
normalized specimens. 
6. Microatructure Study -
, 
All the microstructures developed by the different heat 
treatments performed on the steels under investigation wer~ 
~ ) 
examined with low (lOOX) and high (lSOOX) magnification, using 
a Bausch and Lomb Research Metallograph, in an effort to relate 
notch toughness and aging to microstructure changes. Particular 
attention was given to the presence of a precipitate within the 
grains and at the boundaries that could explain the. aging 
phenomenon • 
,. 
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RESULTS AND DISCUSSION 
" h, 
A. Mechanical Tests 
I 
9 
The mechanical tests used in this work were performed to determine 
the susceptibility of the steels under investigation to natural aging 
or to aging at temperatures slightly above room temperature. 
Impact, hardness, and microhardness tests were performed in this 
investigation with the following results: 
1. Impact test: The results of the Charpy tests for the 1016 
steel are shown in Tables Ila and IIb and in Figure 1. 
From these tables and the figure it can be seen that this 
plain carbon steel can be strongly embrittled by natural 
aging, when normalized at 1320°C. Specimens normalized at 
900°C and 1100°C did not show significant evidence of 
embrittlement after 4000 hours of natural aging. No 
significant change in notch toughness was observed for 
specimens annealed at 1320°C Thus, the aging phenomenon 
was peculiar to the specimens normalized at a high austen-
itizing temperature. The 1016 steel specimens, normalized 
at 1320°C and aged for 4000 hours at room temperature, had 
their transition temperature (energy criteria) increased 
." · from -18°C to +18°C. 
.. 
The natural aging phenomenon, causing embrittlement of 
specimens normalized at high temperatures, can explain the 
unexpected behavior of air cooled ferrites with acicular 
r (10) 
structure reported by Kottcamp and Stout 
• The results 
obtained by these authors, show an increase in the transition 
' . 
-.~-·-' 
0 
·-· 
,, 
' .. 
.. 
temperature over that otherwise expected, for specimens 
pr~senting acicular structure. This change in transition 
temperature can be ascribed to a natural aging phenomenon, 
if one considers the lapse of time usually required for the 
preparation of specimens for an impact test. 
~ (12) 
The observation made by Guirguis on most of the 
steels that he worked with, and that was already mentioned 
in the introduction, as well as the scatter of poin~s that 
he obtained in his data, can also be explained by means of 
7' .,,_I .• 
..... -~ 
an aging phenomenon, if the tests performed by this author 
were not executed after a constant interval of time following 
heat treatment. Thus, sp~~imens normalized from low austen-
itizing temperatures are superior in toughness to annealed 
lO 
ones. At high austenitizing temperatures, however, aging of 
the normalized specimens has the effect of reducing the improve-
ment in toughness expected from this faster cooling rate and 
the normalized and annealed specimens are more nearly equal in 
toughness. 
2. Hardness and Microhardness tests: It is well known that an 
aging phenomenon can be detected not only by means of impact 
tests but also, and with less effort,.by determining hardness 
changes in the specimens. As a matter of fact, the use of 
hardness tests in conjunction with aging is so frequent that 
it has become common to use the term age hardening to describe 
the process of aging that increases hardness and strength and 
· decreases ductility and toughness. 
.\ 
' 
' ,I 
... 
• 
11 
It is convenient to separate the results obtained for the 
1016 steel from those obtained for the alloy ferrites: 
2.1. Plain carbon steel - The change in transition tempera-
ture reported above was not the only indication that 
the 1016 steel could age when normalized at high tempera-
tures. Hardness changes, not only at room temperature 
but also at 100°C, 150°C and 200°C, confirmed the ex-
istence of an aging phenomenon. The results presented 
in Table III and Fig.ure 2 show that the low carbon steel 
under investigation was not only susceptible to natural 
aging but also to rapid averaging at temperatures close 
to or above 150°C. 
Table IV and Figure 3 show the results of the 
microhardness tests. These tests were performed with a 
diamond Knoop indenter and the impressions were made at 
the center of ferrite grains. The ferrite phase formed 
upon air cooling from 1320°C had a large increase in hard-
ness after aging, while the ferrite phase annealed at the 
same temperature did not show any significant change of 
hardness. Because of the results mentioned above, it is 
believed that the ferrite phase is the one responsible 
for the aging phenomenon. 
Comparing t~~- re~1:1,!~~ _ Qf ___ ~he hardneB._~ and micro-
() 
hardness tests, it can be seen that the change of hard-
ness of the ferrite phase is greater than the change of 
. :-hardness of -~the steel. This is probably due to the high-
... 
n•i! __ .: Sit- E 
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er hardness of the pearlite phase when compared with that 
of the ferrite, and because the hardness of the pearlite 
phase is computed only on the overall hardness and not on 
the microhardness of the ferrite phase. Because of this, 
the hardness of the steel changes less than the hardness 
of the soft phase that is responsible for the aging 
phenomenon. 
2.2. Alloy ferrites - From the results obtained with the plain 
carbon steel, the importance of the ferrite phase on the 
aging phenomenon could be seen. Because of this, steels 
with less than 0.025% carbon and alloyed with Mn, Ni, Cr 
and Mo were used in this investigation, not only to 
eliminate the presence of the pearlite phase, but also to 
verify the influence of small additions of the above 
mentioned elements, on the aging phenomenon already 
discussed. 
(10) 
Kbttcamp and Stout , working with the same type 
12 
of material that was used·in this investigation, reported 
that embrittlement could occur in specimens furnace 
cooled from austenitizing or subcritical temperatures. 
They found that the subcritical embrittlement observed in 
these ferrites was dependent both on the time of holding 
at temperature and on the method qf cooling therefrom. 
f \.,.._ 
- L-Examining t9~ graphs and results presented by the above-
mentioned authors, it can be seen that for the normalized 
alloy ferrites, those containing Mo and. Cr showed aging 0,r · 
' 
,, 
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I ,, 
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overaging when subcritically reheated, while those having 
Ni and Mn additions showed respectively no aging at all and 
no response-to subcritical treatment. They also say that 
in order to develop aging and overaging within reasonable 
lengths of time, somewhat higher temperatures than those 
normally used for stress relieving were necessary. 
In the present work, the alloy ferrites were normal-
ized at 1320°C (a temperature much higher than those used 
by Kottcamp and Stout), to develop a large amount of 
acicularity in the structure of the specimens. The results 
of the age hardening experiments are sunnnarized in Table III 
and Figures4 through 7. From these results it can be seen 
that the Ni .and Mn ferrites behaved as in the above-mention-
ed work, showing negligible aging. Again, as in Kottcamp 
and Stout's work, the Mo and Cr ferrites showed strong 
tendency to age. It is important to point out that in the 
present work the aging temperatures selected were room 
temperature, 100°C, l~O~C and 200°C, while in the work of 
Kottcamp and Stout the aging temperatures were always 
higher than 640°C. 
It should be n:g.ted that among the four ferrites 
studied, those alloyed with carbide forming elements show-
c., 
ed a higher tendency to aging than the others, which have 
.. 
stronger tendency to be dissolved in the ferrite phase. 
Because~of~this, a carbide precipitation is suspected ~o 
ha ,tll"le=eausecof the ... aging phenomenon. 
., 
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B. Ferritic Grain Size 
. ;, 
14 · 
As the· ferrite grain size has an important role in the notch tough-
·, ness behavior of a steel, and, as not all the ferrites studied in this 
work had the aging phenomenon, an investigation was made to determine 
the differences in ferritic grain size for the alloy ferrites under 
\_"'"'· 
.. 
inve~tigation. 
) 
The actual gain size of the alloy ferrites was determined for 
specimens normalized and annealed at temperatures ranging from 870°C 
to 1320°C. The results of these determinations are shown in Table V 
and Figure 8, 9, 10, and 11. From the results obtained it can be seen 
that the molybdenum ferrite and the chromium ferrite have a rapid change 
from a relatively small grain size to a large one; the manganese ferrite 
showing a progressive increase in grain size, while the grain size of 
. the nickel ferrite changed very little during the increase of the 
austenitizing temperature. Both annealed and normalized specimens 
showed the same trend on the grain size change versus austenitizing 
temperature plot. 
During the transition from small to large grains, the chromium and 
the molybdenum ferrites had a mixture of small and large grains. It is 
) 
important to point out that these two types of ferrites show~d the aging 
,I 
...-·~~ .. 1-;·~·---'* ....... 
phenomenon only when their ferritic structure had large grains developed 
upon air cooling from high temperatures. This is probably an indication 
that at those austenitizing temperatures, the precipitate ptesent in the 
steel went into solution and was retained in this state during air cool-
1ng. The finer grain size resulting from the lower austenitizing 
temperatures was due to the limitation of grain boundary migration, and 
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hence grain growth, by the presence of precipitate particles. Since 
15 
these temperatures were not high enough to cause resolution of the pre-
cipitate, no subsequent room temperature aging is expected in these 
specimens, and none was observed. 
C. Microstructure 
Observations were made on longitudinal sections of Charpy bars in 
order to determine the existence of a relation between the microcracks 
present and the acicular ferrite shape of specimens normalized at 
1320°C. A number of specimens were carefully examined and no apparent 
relation between the ferrite configuration and the direction of cracks 
was found. 
Figure 12 shows a typical microstructure developed by normalizing 
the 1016 steel under investigation at 1320°C for one hour. This type 
of microstructure is commonly found in the brittle zone adjacent to 
welds in this grade of steel. It is well known that a welded con-
struction can have its resistance to brittle fracture improved by a 
stress relieving heat treatment, usually performed in the neighborhood 
of 300°C. It is suggested that natural aging is the responsible factor 
for the commonly observed brittle zone in. the base metal of welded 
structures and that a post-heating in the neighborhood of 25Q°C should 
cause overaging, improving the low temperature ductility of welded ~ 
structures made of this and similar steels. \ 
\ 
Figures_ 13, .. 111,. 15,._ -~ncl~l6_.show the micros-tructuTe of the four 
_ferrites that were studied, after being normalized at 1320°C and aged 
at 200°C for 700 hours. From these micrographs it can be seen that 
.. fP1K)ng all the ferrites, the one alloyed with molybdenum had the lowest 
. l 
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tendency to acicularity in its structure. It is necessary to point out 
that as the Mo ferrite was strongly affected by aging, it is· evident 
that there is no relation between acicular structure and the aging 
phenomenon • 
Examining the four ferrites heat treated as mentioned above with 
high magnification (lSOOX), a second phase precipitated at the grain 
boundaries could be seen for the Mo and Cr ferrites. Figures 16, 17, 
18, and 19 show the precipitates at 1500X. It is interesting to notice 
that those precipitates were found not only at the boundaries of acicu-
lar grains (Figures 17 and 19) but also at the boundaries of equi-axed 
ones. This is further proof that the aging phenomenon is i~dependent 
of the ·shape of the ferrite grain. Precipitates of this type were not 
(10) 
observed by Kottcamp and Stout - in their work. 
Prior to the aging treatment, either none or a much smaller amount 
,_ 
of precipitate was found. 
There are several reasons supporting the thought that the pre-
cipitates found in the Mo and Cr ferrites are carbides: One of these 
reasons is their high hardness (400 Knoop with 1 gram), which should 
be expected for a carbide phase. Its microscopic shape is quite similar 
to the configuration usually found for carbides, mainly the cementite 
found in low carbon composition pearlite. Finally, as these precipi-
tates were found only in the ferrites alloyed with carbide forming 
. ,. 
elements, i~ is quite probable that those precipitates are indeed 
carbides. ( . 
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CONCLUSIONS \ . ~. j. 
1. The SAE 1016 steel under investigation, could be significantly 
embrittled by natural aging, after being air cooled from 1320°C . 
Annealed specimens did not show this phenomenon. The hardness 
changes for the 1016 steel, was further proof of its aging 
tendency. 
2. The micrahardness tests indicate that the ferrite phase was 
responsible for the aging phenomenon. 
3. Among the alloyed steels with less than 0.025% carbon, the type 
with Mo and Cr (carbide formers) showed typical age hardening 
phenomenon after being normalized at 1320°C. The Ni.and Mn 
ferrites showed no significant hardness change when given the 
same heat treatment. 
' ' 
4. The steels that showed the aging phenomenon had a discontinuous 
change in ferrite grain size with increasing austenitizing 
temperature. The grain size of the Ni ferrite showed little 
change and the Mn ferrite only a gradual change, when the 
austenitizing temperature was gradually increased. 
S. The Mo ferrite, although having strong tendency to aging, had 
17 
the smallest amount of acicularity in the structure when the steels 
were normalize~ at 1320°C. This indicates that there is no re-
l 
lation between/acicularity and the aging phenomenon. 
'· 
6. A precipitate could be found in the microstructure of the Mo and 
Cr ferrites. These precipitates are thought to be carbides, be-
cause of their microscopic shape, high hardness and because they 
were found only in the ferrites that were alloyed with carbide 
forming elements. 
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Type C 
SAE 1016 0.15 
Ni ferrite 0.019 
Mn ferrite 0.015 
Mo ferrite 0.013 
Cr ferrite 0.024 
'I 
-. 
.. 
,. 'J", 
( 
• 
,. ' I 
Mn p s Si Ni Cr 
0.83 0.012 0.046 0.02 
-- --
0.40 · 0.020 0.010 0.23 3.25 0.03 
1.52 0.018 0.010 0.38 0.05 0.03 
0.41 0.012 0.010 0.26 
-- --
0.40 0.010 0.010 0.24 0.05 1.08 
Table I 
Chemical Composition of the Material 
Under Investigation 
. --:: - ..:...:-· - ~ 
~-
I. 
.. 
\ . 
I -
Mo 
--
0.01 
0.01 
0.55 
0.01 
,, 
, 
Al 
0.03 
0.017 
0.035 
0.038 
0.034 
{} 
. I 
I 
~--e-~·- ~ . • • . '". :,:z:•--,- .. " ···-
0
1 
.;,, 
20 
.. , .. -
,-
1',; 
,, 
l. 
,· 
'!' 
u 
.. 
t 
Aging Time 
(hours) 
. ' 
•· •• -'V'..l.. 
6 
150 
700 
4000 
.>., ..... 
' 
.. 
,. 
, . r, 
' ... 
·• 
Transition Temperature 
50% Fibo Fracture 15 ft. lb. 
norm. annealed normD annealed 
.. . .. 
-
17 22 -18 -4 
20 24 -13 _4; 
50 23 15 -6 
54 25 18 -5 
!J. 
Table IIA - Change of Transition Temperature with Natural Aging, 
for the SAE 1016 Steel Annealed and Normalized at 
1320°C. 
.. 
Transition Temperature 
Aging Time normalized at 900°C normalized at 1100°c 
· (hours) 50% F. F. 15 ft.lb. 50% F.F. 15 ft.lb. 
lo 
6 -46 -62 -23 -35 
4000 -45 -64 -26 -40 
Table IIB - Change of Transition Temperature with Natural Aging, 
for the SAE· 1016 Steel Normalized at 900°C and at ll00°C 
.1: 
• 
,. -. 
21 
. -~ . ·'-' - -. ' " 
,. ·.,..: ... -·-·.·-'!"-_ -, 
\ . 
~AE 1016 Ni ferrite Mn ferrite Mo ferrite Cr ferrite 
~ 
. co 
• CJ CJ CJ t.) CJ t.) CJ CJ c.., CJ t.) tJ (.) t.) c.J s:: QJ C1) c..:> 0 0 0 tJ 0 0 0 tJ 0 0 0 tJ 0 0 0 c., 0 0 0 -P"f s ,... 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 C)() ...... ~I tr\ 0 l.l"'\ 0 LI"') 0 LI"') 0 LI"') 0 tr\ 0 l.l"'\ 0 LI"') 0 tr\ 0 an 0 < E-4 '-" N ~ ..... N N ..... ..... N N ..... ..... N N ..... ..... N N ..... ,..... N 
0 89.0 89.0 89.0 89.0 90.2 90.2 90.2 90.2 84.9 84.9 84.9 84.9 79.0 79.0 79.0 79.0 -76. 6 76.6 76.6 76.6 
1 89.5 89.5 89.0 89.0 90.5 89.4 90.8 90.0 84.7 83.7 84.3 84.5 79.9 79.0 77.1 76.5 79.7 76.3 74.3 73.5 
. 
7 
- - - - 89.7 89.9 90.2 89.0 83.2 83.0 83.7 83.1 80.8 78.4 76.5 75.5 77.7 74.7 73.3 71.3 J 
-.: 
10 91.1 90.1 89.5 -87. 9 
- - - - - - - - - - - - - - - -
20 92.5 90.5 89.2 87 .4 
- - - - - - - -
81.0 77~3 76.0 75.1 
- - - -
50 92.9 89.9 89.1 87.1 91.0 90.5 89.7 88.9 84.0 83.0 83.7 83.2 82.5 77.0 75.5 75.0 78.1 74.5 73.3 11.s- • 
100 
- - - - 91.1 89.6 90.0 88.7 84.5 82.4 82.8 83.1 83.7 77.2 75.0 73.8 78.8 72.6 71.5 71.2 
150 92.5 90.0 88-.5 87.0 
- - - - - - - - - - - - - - - -,. 
400 92.5 90 .-0_ _Bl_. O_ 87.6 
- - - - - - - - 83.8 77.1 74.6 73.2 
- - - -
'· 
/ 
700 
-
'-,._ 
- - -
89.3 90.2 89.0 88.6 85.0 82.0 83.0 83.7 
- - - -
80.7 70.0 69.8 69-.2 .__' 
Table III - Effect of Aging on the Hardness (Rockwell B) of the Steels Dnder Investigation 
! 
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Aging Time Knoop Microhardness (lg) (hours) air cooled furnace cooled 
o.s 
1 
10 
100 
1000 
126.2 100.4 
132.8 104.8 
137.1 104.0 
168.6 100.7 
173.0 108.1 
Table IV - Change of Ferrite Microhardness with 
Natural Aging for the 1016 Steel 
Normalized or Annealed at 1320°C 
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:n 
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I·, 
Austen. 
Temp. 
• oc I 
870 1 
930 
980 
1030 
1090 
1150 
1210 
1320 
'· 
-~::_ --- = 
c-.-, 
- ---= 
. ::· 
~. 
ASTM Grain Size Number 
Ni ferrite Mn ferrite }io ferrite Cr ferrite 
. 
• cool. fee. cool. • cool. fee. cool. • cool. fee . cool. • cool . a1r air air air 
6.0 5.5 9.1 8.8 8.6 8.1 8.8 
6.0 5.0 8.2 7.8 8.3 7.8 7.7 
6.1 5.0 7.8 7.1 6.2 5.6 7.3 
5.8 5.4 7.3 6.6 5.9 5.5 7.2 
, 5.9 5.2 7.1 5.9 5.8 ·5 .o 5.4 -
- - - - -
-
S.1 
' 
'5.6 4.7 6.8 5.5 s.o 4.0 4.9 
5.2 4.3 6.3 5.4 4.6 3.6 4.8 
Table V - ASTM Ferrite Grain Size Produced by Normalizing and Annealing 
the Ferritic Materials at Different Austenitizing Temperatures 
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